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The radiotherapist tries to deliver a dose of radiation which shall be lethal to the cancer cells both in the primary tumour and in the potential sites of invasion. The problem can now be separated into two parts.
(1) How does the radiation act, and what is a lethal dose?
(2) Where and how shall such dose be delivered? i.e. what is the site, extent and position in relation to the pelvis both of the primary tumour and the possible secondary paths of invasion, for the whole of .this volume must be included in the tissues to be treated.
These two questions summarize crudely the nature of the biological and physical problems to be solved before success with treatment can be achieved.
A. Biological problems.-These involve the choice of wavelength, dosage rate, spacing of treatments, total dosage, &c. In turn they depend on an understanding of the behaviour of both normal and malignant cells exposed to radiation.
Radiation can induce either a temporary or a permanent effect, or both, on cells normal and malignant. One temporary effect is the suppression of cell division, the duration of which depends on the dose given.
There is on the other hand experimental evidence (Sax, 1941; Muller, 1941) that with a relatively small dose (5 r to 600 r) the death of the cell is brought about by the damage sustained during the resting stage in the nucleus, particularly to the chromosomes. This damage is due to direct ionization, and it is observed in the next mitosis when there are broken chromosomes and chromosome fragments present in the dividing cell (figs. 1 and 2). The daughter cells being deficient in their nuclear content will die. The damage to the nucleus of the cell, resulting in its death, is a direct radiation effect. If several adjacent cells die simultaneously, after a dose of, say, 1,500-2,000 r, there will be a change in the histological organization of the tumour tissue; any local failure in blood supply will also cause a breAdown of a still larger cell population.
With the break-up of the tumour parenchyma by cell degeneration, the response of the tumour-bed, i.e. an indirect effect of the radiation, comes into play. Infiltration and subsequent differentiation of cells of the reticulo-endothelial system (plasmocytes, histiocytes, lymphocytes and cells of the granulocytic series) form part of the repair process.
The problem is how to control both the intracellular radiation effects and the intercellular response. If cells are killed rapidly and in too great a number, or if the tumour-bed is damaged, the repair process will be unable to function properly and fibrosis may occur prematurely. Cytological analysis of the radiation effects is of the utmost importance especially at the stage when the intraand inter-cellular processes are in progress if we are to assess the degree of the biological response of the tumour and control the treatment. We may here instance a series of cases in which we delivered to a squamous carcinoma of the cervix exactly 100 r by X-ray and twenty-four hours later took pieces of tissues for biopsy. Although the tumours were histologically similar, great variation was observed in the response: in one case only 5% and in another 45% of the dividing cells showed radiation-induced chromosome abnormalities. Since the ultimate death of the tumour depends upon the production of these abnormalities and the frequency of cells affected, clearly a different type of treatment will be required for two such tumours showing so wide a variation in cytological response. It would seem illogical to give the same dose to each of them-yet that is what happens so frequently with the standard techniques in use to-day.
It may be possible to use radiation more economically by taking into account the biological response of individual tumours which may permit us to use lower total dosages than we have hitherto applied. It is clear that standard fractionation (e.g. Stockholm) is not adapted to individual requirements in this respect. Such procedures would overcome the serious obstacle of the inability of the normal pelvic organs to withstand the very high dosages considered necessary in present techniques, failure to achieve which has been responsible for a high proportion of recurrences.
To the question "What is a lethal dose?" there can be therefore no fixed and simple answer applicable to all tumours of a given organ or tissue as assumed by some workers.
We have some evidence that satisfactory tumour regression can be obtained by taking into account the biological response and adapting the treatment to the individual requirements of the tumour. Glucksmann and Spear (1939) and Gliicksmann (1941) have already shown that tumours apparently similar histologically may respond differently to the same type of radiotherapeutic procedure.
Control of the intracellular and of the intercellular effects of radiation during treatment is desirable, and the cytological findings suggest that much of the radiation given at present may either be wasted because it is delivered without regard to the biological behaviour of the tumour cells, or may be actually harmfiil as it may damage the repair process. It is possible that cytological research can provide a more scientific basis for a treatment plan for carcinoma of the cervix to replace the empiricism upon which dosage has been administered so far. Tradition (and perhaps inertial) has maintained the practice still widely observed, first established by Forssell in 1910 and elaborated by Heyman, of the intervals of seven and then fourteen days between successive radium treatments. Except that shorter intervals produced. severe reactions with these weights of radium, apparently no other scientific reason has been given for just these particular spacings. Whilst there has been abundant experiment with the time factor ranging from an overall time of three hours in America to as much as six months by Mallet (1936) in Paris,'and all have been successful on occasion, these methods have not been based on scientific observation of the reaction of the cells of each tumour to radiation.
Indeed, administrative reasons such as the availability of the theatre, or lack of radium or apparatus may have been a more important factor in the choice of a particular spacing! Cytological research is especially needed for carcinoma of the cervix (i) to discover the effectiveness in timing and spacing of the single and cumulative radium insertions, (ii) to correlate the physical dose (ascertained from isodose curves, &c.) with the biological effect based on the cell response. Such data will decide in each individual case such questions as: (a) Is a twenty-four-hour radium insertion necessary? (b) Is a sevenor fourteen-day interval necessary-if not, what is the best? and (c) How shall the weight of radium be varied? Information so gained may enable us to determine what is the best combination of Xand y-rays from a biologital point of view. It may well be that we shall have to use radium either more or less frequently and at variable intervals, for there is no doubt that by the present generalized methods we are applying standard doses to tumours differing great in their biologicalbehaviour and these doses, whilst producing a direct caustic action in one place, are completely ineffective in another. Fig. 4 shows another cell with a very great number of fragments, produced by a twenty-two-hour exposure to 50 mg. radium. In the first case, the death of the tumour cells occurs in the next generation due to a failure in the nuclear control of normal metabolic activity caused by chromosome deficiency. In the second case there is a physical disintegration of the parent cell due to the very high dose of radiation received; An unnecessary, uneconomical and biologically even harmful process because the same dose can induce simiiar d'amage to normal cells.
There would appear to be a very strong case, therefore, for a reorientation of our The oma of the cervix, fixed seven days after a twenty-two chromosomes move towards the opposite poles except hours' exposure to 50 mg. of radium. The chromosomes a fragment, which was broken off a chromosome as a are broken into very many fragments. -It is now necessary to define the site, extent and position in relation to the pelvis of both the primary tumour and the possible paths of invasion. This presents a difficult problem in localization since only a portion of the tumour is usually accessible to vaginal measurements. Definition of the extent of the primary and selection of the total volume of possible secondary invasion are problems which overlap and are not often capable of a precise answer.
As will be shown later the practice of assuming that the radium will deal adequately with the primary and X-rays with the secondary tumour is by no means true. Whilst these two forms of radiation are complementary in that one should make up for the deficiencies of the other, it is rare to find that their respective spheres of effective action coincide with the anatomical limits of primary and secondary tumour. And indeed, there is no reason why they should. The anatomical paths of invasion have been discussed in previous papers by many writers as well as myself (1938a, 1941) . Sampson (1907), Taussig (1934) , Martzloff (1923) among others have shown that even in the early stages spread to the lymph nodes of the lateral pelvic wall may have taken place whilst the growth is apparently still confined to the cervix. The frequency of such invasion in Stages 1 and 2 may be as high as 40% (Taussig) .
One must, therefore, contemplate treating the whole of the true pelvis andeven this may be too small a volume to include all the main sites of invasion since many patients have involvement of lymph nodes extending above the brim.
Although it is often asserted that the level of the iliac nodes is at the bifurcation of the iliac vessels-in turn said to be at the level of the pelvic brim-it is not uncommon to find both the bifurcation and the invaded nodes above the level of the brim (see Stone and Robinson, 1941, and Batson, 1940) . [A slide was shown of an X-ray film showing spent gold seeds inserted for me at operation by Mr. Blaikley at the sites of the iliac lymph nodes. Distortion was avoided by centring over the sacro-iliac joints, and the seeds were shown to be well above the pelvic brim. Lack of space prevents the reproduction of this and other films here.]
Clearly then the volume to be treated must be not less than the true pelvis and should in many cases include more than that volume.
Building up dosage.-There is no doubt that the manner in which dosage is built up from multiple sources of radiation is not at all clear to some gynecologists. It is perhaps inevitable that since they are concerned only with the placing of radium in the vagina they should tend to regard such applicators as satisfactorily placed when they are in close relation to the cervix and fornices. They may not realize that the volume of tissue receiving adequate dosage from that particular distribution of radium may not in fact enclose even the primary tumour visible in the vagina. The very name of applicator is misleading in this sense since it suggests a local action by contact, rather than the more distant effect of the radiation emitted by it, which is the real basis of radium treatment. The term "Radium Sources" is therefore preferable as indicating the mode of action.
No doubt historical reasons have preserved this fallacy. The very discovery of the biological action of radium rested upon its local caustic action on the skin. Only later in 1912 did Forssell elaborate his principles of heavy screening, low intensity and fractionatioin at seven-and fourteen-day intervals. Even then many who carried out his technique did not fully appreciate that they were dealing with a radiation-i.e. an effect on tissues produced at a'distance from the source, and as such delivering to a given point an aggregate dose of radiation from the several individual sources not easily ascertainable. The "unit" milligram-hours served still further to stress unduly the radium itself rather than the radiation it produced. To state that the illumination of a room is a 40 watt lamp gives no idea of the adequacy of the wall illumination unless one knows whether it is a bathroom or a ballroom! To push the analogy further it is also clear that one might get adequate illumination even to a ballroom using lamps as low as 40 w. but it would require careful arrangement. That is the essence of the problem of vaginal radium distributions.
Isodose surfaces.-The problem of spatial distribution of dosage is fundamentally the same for both Xand "-rays, except that radium as used here cannot be discussed as a point source. This whole concept of 3-dimensional distribution is due to Mayneord who first analysed the volume distribution of beams of radiation and devised methods (1941), of ascertaining these distributions and of expressing the results as isodose charts or as models. Based on his conceptions, Ungar (1943, Brit. J. Radiol., I6, 274) has devised a simple way of making tinted isodose charts from waste films which clearly demonstrate the summation of dosage. By placing them in the correct positions we may see the effect of high and low spots of intensity from radium sources which are apparently in similar positions. Clearly then the distribution of dosage for each source of radiation must be determined if an effective treatment is to be planned. By the invention of the dose-finder, Mlayneord (1939 Mlayneord ( , 1941 has been able to produce the most complete models and charts hitherto published of volume distribution for a given technique. In practice, some considerable deviations occur from the theoretical physical dispositions which form the basis of these calculations. These variations occur in both the utieruLs and the vagina.
In the uterus, variations in length, the presence of fibroids, distortion by the carcinoma itself, lateral deviation, acute anteversion or retroversion will affect the dose delivered. In the vagina, the variations depend, inter alia, on the size, shape and distensibility of the vaginal vault and are not related in this respect to the stage of disease (Sandler, 1942a). These physical dimensions, therefore, have a primary determining influence on the positions of the applicators, and consequently on the lethal isodose surface produced (see Brit. J. Radiol., November 1943, i6, 331, Table I, and Sandler, 1941) . This i:afluence may be much greater in some cases than that of the type of technique used in the particular size of vagina under consideration.
Alterations in the relative positions of the organs in the pelvis during and after treatment are frequent. Some of the more important of these factors which cause an alteration in the relative position of the organs may be:
(a) The presence or absence of packing, the degree of distension of the bladder and rectum and the posture of the patient.
(b) Regression of a large tumour or stenosis of a large cavitv in the interval between X-and ty-ray therapy will distort the organs and render them unreliable for measurements of the position of the radium.
(c) Mechanical faults occur due to slipping of applicators. For instance the radiograph may show that the uterine tube does sometimes slip out of the os. More often a bulky cervix consisting mostly of tumour may disappear completely later. In either case the highest point of the vagina as ascertained subsequent to the radium treatment will be considerably higher than the position actually occupied by the lower end of the uterine tube during treat.ment. Unless this position is accurately determined when the radium is in situ it will not be possible to relate the X-ray distribution to it exactly at a later date. The radium then, rather than the organs which contain it, determines the positioning of the supplementary X-ray therapy and this knowledge must be available when the X-ray therapy is given.
By a special apparatus (Sandler, 1943) the position of the radium in situ in the bony pelvis may be recorded. In a series of 30 cases the cervix was found to be pushed in a cephalic direction by the packing to an average of 4 cm. above the level of the symphysis--the usual level given in textbooks. This raises fresh problems for the X-ray therapist who has to correlate his radiation ,Vith that delivered by the radium. Figs. 5a and Sb show the bad effect of these individual factors on the same technique as used in two different hospitals. These bad effects may be summarized as:
(a) Vault stenosis forces the applicators down the vagina. (b) The long axis of an object placed in the vagina tends to rotate so that it occupies the longitudinal axis of the vagina. This is often accompanied by slipping and overlapping of the applicators.
(c) Bulky tumours of the cervix, or vault contraction may prevent the correct positioning of the applicators, or cause slipping after the insertion has been completed.
It has been shown previously that each size of vagina must have its own variation of technique (Sandler, 1941) if full use is to be made of the available tolerances which differ with each size of vagina. The actual dispositions of the radium shown in these patients are, as might be expected, different from those anticipated in a theoretical technique. Thus if the doses received at selected points in the pelvis are based as a routine on what may be expected from these theoretical distributions, gross inaccuracies mav occur. An error of 1,000 roentgens as between the right and left sides is not uncommon and a variation of up to 2,000 roentgens in dose delivered by the same technique may occur in different sizes of the vagina (Sandler, 1942a) .
In order to illustrate the effects of slight variations in the disposition some hypothetical cases have been studied with the dose-finder. The simplest is a single vaginal box of 50 mg. radium content, filter 1-2 pt. In the absence of an agreed figure 5,000 r is taken arbitrarily, for illustrative purposes, as the minimum lethal dose, although this is probably much too small (see Brit. J. Radiol., figs. 2a and 2b, 1943, i6, 332) .
Provided the uterus is not retroverted, it is better (Sandler, 1938a) to reduce the radium at the cervix and increase it at the fundus, so long as a definite parametrial Quimby method. Most of the radiation is outside the surface of radium, and gap of underdosage is seen on true pelvis. patient's left.
( Figs. 5a, 5b, 6a, 6b, 9 and 10 are reproduced by kind permission of the Editor, British Journal of Radiology.) 180 6 7 Section oJ Obstetrics and Gyncecology 181 toleranice has not to be exceeded (Sandler, 1938b and 1942b) . In an actual case, before measurement on the dose-finder can be done, it is necessary to reconstruct the positions of the radium in space. The details of this have already been published (Sandler, 1943) .
Fif. 6b shows the three-dimensional asymmetry in the coronal plane, and fig. 6a in the sagittal planes of the isodose surface. The distortion of the distribution in this case is striking when compared with fig. 7 . Dr. Ungar and myself (1944) have worked out a geometric method of obtaining dose distributions but it still requires some considerable time to carry out. It is hoped that this will be still further reduced by technical improvements. Fig. 8 shows what can be achieved in about an hour's work. This type of result mav indicate what should be avoided and what corrected at the next radium insertion. Both the gynaecologist and the X-ray therapist now know what has or has not been achieved and what each may have to do to correct results.
The flunction of X-ray therapy. It now seems necessary to explain the function of X-ray therapy. X-ray therapy must reach those sites not adequately treated by the radium. Of these sites, Taussig (1934) , Leveuf (1931) , Sampson (1907) , and others have shown the pelvic wall to be the most important: yet it is bouPid to receive the smallest radium dose. This region must, therefore, be the chief concern of the X-ray therapist especially for Stages III and IV.
In most hospitals the X-ray fields are put on svmmetrically about the mid-line. To avoid overdosage to the parts treated by radium, one of the two following methods is usually adopted; in (a) two separate fields are positioned at a fixed distance from the mid-line as suggested by Quimby and Arneson (1935), or (b) a single large field is used with a lead strip over the centre of the applicator so that the middle of the field is cut out the so-called "shadow" technique. Neither of these techniques takes account of the following considerations:
(i) The techniques are rigidlv symmetrical about the mid-line whereas the radium lethal isodose level may be symmetrical but not about the mid-line or may not be svmmetrical in any plane.
(ii) The most penetrating portion of each beam, i.e. the central rays, are not necessarily being used at the pelvic wall where the need is greatest.
(iii) The distance of the pelvic wall from the radium lethal isodose surface is not a fixed quantitv.
(iv) The dose distribution in space of the "shadow technique" has not vet been agreed upon.
These points may be illustrated as follows:
The average pelvic wall is about 5 cm. from the mid-line. If a narrow beam is used, sav 6 cm. wide, and centred with its edge 2 cm. from the mid-line, the plane of maximal dose will not include the glands of the pelvic wall but will be mesial to it. If large fields are used, say 10 cm. wide (as suggested by Quimby) placed 2 cm. from the mid-line, then the plane of maximal dose falls outtside the pelvic wall. Since the pelvic wall is the site of the pelvic glands and the radium contribution is here at its lowest it is clear that the maximal X-ray distribution should be centred over the sagittal plane through the pelvic wall and not in relation to the mid-line sagittal plane. The width of the field to be used depends on the volume of the tissue between the pelvic wall and the radium lethal isodose surface. This zone of tissue will be referred to as the "r;idium para-lethlal volume" and is often unequal on the twvo sides of the pelvis. Fig. 9 shows an actual case taken from fig. 6a where the isodose surface is neither symmetrical in distribution nor equally disposed about the mid-line. If it be assumed that it is, and the right and left X-ray fields are put on symmetrically ( fig. 9 ) then the right side will get an overdose and left side an underdose. If full account is taken of these inequalities, then the fields must be varied for each side of the pelvis.
Practical aspects of planning. The above considerations indicate that a clear conception of the spatial relations of the zones to be irradiated is essential. To assist in visualizing the volume to be treated and the distribution required a wax impression of the true pelvis was taken from a skeleton. The hole in the centre represents the volume treated by a box and tube at 450 in the coronal plane. The two lateral slices of wax represent roughly the shape of the volume to be treated by X-rays these are the "radium para-lethal zones".
All X-radiation missing this volume will be wasted and even dangerous. If mesial to it it will be superimposed on parts already adequately irradiated by the radium. This explains those cases with apparent complete primary regression which later develop svmptoms of renal dysfunction, due to compression of the ureter as a late radiation phenomenon. In America ureteric dilatation has for this reason been urged for all raditum-treated cases by Hoffmann (1942) and others. It is most important that a pre-radiation pyelogram should be done as a standard for comparison later. Probably the same explanation of spots of high dosage accounts for the delayed radiation reactions in the rectum described by the late T. F. Todd (1938) .
If lateral to this volume the radiation will fall outside the true pelvis lowering the limit of efficient radiation and damaging normal tissues.
In certain cases even necrosis has been produced such as those reported in the femoral neck (Strauss et al., Dalbv et al.) . The cause is well shown by the position of the high dosage area in fig. 10 .
The "Para-lethal Zone" will already have received some radiation, at least of the order of 1,000 to 2,000 r, from the radium. This must be added to the dose from the other X-ray fields. The problem of addition of X and 'y radiations is complex. 1,000 r given by X-ray does not produce the same biological effect as 1,000 r from radium. It will suffice to say here that the ratio 1 to 1-6 suggested by Garcia (1943) seems likely. During the interval between the first radium insertion and the X-ray therapy in addition to tumour regression both distortion and dislocation of pelvic structures may take place. Tissues already irradiated by the radium may thus -be pulled into new positions by the time X-ray therapy begins. Allowance must be made for this. The problems set for the X-ray therapist should now be clear. He cannot plan his radiation until he knows What has been delivered by the radium. Guessing and the L se of a standard X-ray technique may lead to overor under-dosage as explained. Hence the failure at certain clinics to obtain any improvement by the addition of X-ray therapy to their existing radium techniques, and the reason for some disasters. This in my view is because such X-ray techniques had not been planned to fit in with the individual radium distributions. Their adverse results are a criticism of the combination of a routine X-ray technique with a radium treatment of unknown volume distribution. It is unjustifiable to condemn X-ray therapy on such evidence. The X-ray technique must be planned to fit the individual radium distribution. There seem to me to be no scientific reasons even if there are good administrative ones for restricting X-ray therapy to Stage III and IV cases only. As already stated, many Stage I and II cases have already microscopic evidence of lymph-node invasion. The case against planned X-ray therapy for all stages of cancer as advocated here, has yet to be proved. Radium should not be inserted by one person and X-rays offered by another, each being unaware of the volume dosage delivered by the other. Worse still is the practice whereby the X-ray therapist never sees the patient at all after her radium treatment unless she returns with a recurrence. To utilize X-rays as a placebo in this way is defeatist folly which must rob many of their chance of survival. Radiotherapy in the pelvis should be one treatment, planned as a combined operation, even if the two parts of it are administered by different individuals.
For those portions of the work beyond the scope of the gynecologist the necessary technicians must be provided. If it be argued that there is not enough time to do such methods one could reply that a Wertheim operation, too, could be speeded up by not removing the lymph nodes! If a method is recognized as inadequate ought we to continue doing many such inadequate treatments, or increase our staff and do the treatment adequately?
Scheme for treatment.-The fullest co-operation between gynaecologist and X-ray therapist should be undertaken before any treatment is given. The latter should certainly study gynzecology and it is not too much to say that all who handle radium should know something of the physics and biological actions of radiations and of the dangers both to the patient and to the operator.
(1) Before the insertion of the radium every means must be taken to ascertain the limits of the primary and the extent of the spread by palpation, colposcopy, cystoscopy, proctoscopy and pyelography. These five procedures should be routine. Davis and others have also utilized hysterography, Sante pneumoperitoneum and Farinas arteriography in an attempt to localize tumour spread. Both therapist and gynaecologist should be present or have made available to them the results of these examinations.
(2) After a full clinical assessment of the patient the treatment plan must be decided upon, e.g. it has been our practice sometimes if the tumour is very large to give a portion of the X-ray dosage first in order to produce partial regression of the tumour. This permits later on a much better radium distribution than would have been possible with a bulky tumour filling the vaginal vault. Sometimes direct application by contact X-rays per vaginam has been attempted for this purpose also. Questions of this type must be decided at a joint consultation before any treatment is given. Such questions as lymphadenectomy after radiation should also be decided at that time.
(3) The radium having been inserted, two-plane X-ray photographs should be taken (a) to check the correctness of the insertion, and (b) as a record for dose estimation. It will already have been decided by joint discussion what type of applicators to use and the dose to be given. The basal-plane already described (Sandler, 1943) is used for recording the radium position.
(4) Variations in the positions of the radium during treatment must be investigated and the dose distribution analysed. This may require the services of a full-time technician.
Since physicists are employed by most hospitals to check the dose distributions of radium applicators used for other organs of the body there is no reason why such work should not be extended to the cervix.
(5) Serial biopsies for cytological analysis and guidance for dosage should be undertaken in co-operation with a cytologist.
It is fully realized that no revolutionary techniques have been described so far. Nevertheless it is hoped that by a better understanding of the methods we are using at present we may still be able to improve our results with this dreadful disease.
In conclusion I have to record my thanks to the Director of the Radiotherapy Department, Dr. D. W. Smithers, to Mr. D. MacLeod, F.R.C.S., Mr. J. B. Blaikley, F.R.C.S., and Dr. M. Lederman for facilities to treat cases. I also wish to thank Professor W. V. Mayneord and Dr. P. C. Koller, Ph.D., D.Sc., for the loan and preparation of photographs.
[Many illustrations have had to be omitted for lack of space.]
